Green cleanup processes for adhered organic fouling on solid surfaces can be successfully performed using a radical vapor reactor (RVR). The RVR can produce large concentrations of reactive oxygen species (ROS, e.g. singlet oxygen ( 1 O 2 ) and hydroxyl radicals (•OH)) and can expose them to objective materials. The RVR finds excellent utility in the fields of sterilization and surface functionalization. In this study, RVR is employed in a green cleanup of solid surfaces fouled by an organic polymer and a protein. The RVR produced ROS and removed the adhered organic polymers and proteins from the solid surface. The mechanism of how ROS react with fouling molecules was also elucidated by surface analysis. The greatest advantage of this green RVR cleanup process is that it discharges only air and water. The ROS production and exposure by the RVR successfully cleaned the adhered organic polymer and protein at ambient temperature and pressure without any chemicals. This high-quality, low-cost cleaning technology, which does not require much time and produces no hazardous waste, makes a great contribution to the cleaning industry.
Introduction
The battle against pollution is a very serious problem for largesized parts such as cars and aircraft, medical instruments, and advanced devices that form circuits on the order of a micron or lesser. Although the rate of washing in the industrial process varies depending on the parts, in many cases, it constitutes about 25% of the total stroke. The requirements for cleaning processes are 1) highquality cleaning; 2) no hazardous waste; 3) short time; and 4) low cost. Developing a cleaning method that satisfies these requirements ensures high-quality production. Cleaning solid material surfaces is necessary for various industrial processes and for our surroundings. There are various adhered foulings on the surface of solid materials. Among these adhered foulings, organic polymer stains and protein stains are common. These foulings strongly adsorb on the surface of solid materials because of hydrophobic interactions and hydrogen bonding. For example, polymers such as epoxy resin and paint are strongly adsorbed onto a solid surface. 1, 2 In addition, parts of proteins have a strong adsorption property. For example, superficial membrane proteins have a strong adsorption property because they are amphiphilic. Therefore, in addition to these proteins, bacteria containing them also strongly adsorb to the surface. As a result, mildew is generally hard to remove from surfaces. 3 A superficial membrane protein is a protein bound to a lipid bilayer by hydrophobic interactions or electrostatic interactions and requires a polar solvent with a high salt concentration for separation. [4] [5] [6] [7] It is telling that these strains and pollution decrease the quality of production of semiconductor parts and medical instruments. Therefore, cleaning technology is gaining recognition in the industry. However, it is difficult to clean and remove foulings using ordinary cleaning methods. There are two main types of cleaning methods: physical cleanup and chemical cleanup. Examples of the former include polishing, sonication, and ultra-high-pressure water washing. However, physical cleanup methods can damage the substrate (base material). Moreover, these methods cannot remove strongly adsorbed stain. An additional specific surface cleaning method uses an atomic force microscope (AFM) tip. 8, 9 This method can clean substrates at the atomic level; however, it can only clean a precise and narrow area. Therefore, it is not suitable for large-scale cleanup. Examples of the latter cleanup method include washing with surfactants, [10] [11] [12] enzymes, [13] [14] [15] and chemical reagents (acids, bases, alcohols, etc.). These cleanup methods can only be used to remove specific molecules; their washing power is weak; and effluents adversely affect the environment. Moreover, cleanup methods using UV irradiation 16, 17 or electron beam irradiation are available. 18, 19 However, with these methods, the target areas can be treated only if they are illuminated, and the operational cost is very high. Therefore, easy, new cleanup methods that have a minimal effect on the environmental, low operational costs, and short cleaning time and deliver high surface treatment performance are required. Reactive oxygen species (ROS) include peroxides, superoxide, hydroxyl radicals, and singlet oxygen, 20 and show strong oxidizability (ability for hydrogen abstraction). Therefore, no waste exists after oxidization by ROS. However, there are no applicable processes for producing and exposing high concentrations of ROS to objective materials because these species have a very short lifetime.
In our previous study, a radical vapor reactor (RVR), which produces and exposes high concentrations of ROS, was developed in collaboration with Ebara Jitsugyo Co., Ltd. The RVR can produce ROS continuously at high concentrations from oxygen and water, at ambient temperature and pressure without any other chemicals. The produced ROS are mainly singlet oxygen ( 1 O 2 ) and hydroxyl radicals (•OH), which were quantitatively obtained in our previous studies. [21] [22] [23] Ozone and hydrogen peroxide are other types of ROS. These ROS have been used for sterilization and surface treatment because they have high energy and reactivity. [22] [23] [24] [25] [26] [27] The ROS exposing process has been applied for sterilization 22 and surface reformation of solid materials. 23 As described above, the RVR-based ROS exposing process does not discharge any hazardous waste. Therefore, this system is expected to find use in various industries that require high-quality cleaning. In this study, we take advantage of the RVR-based ROS exposing process for the cleanup of material surfaces. We used polyethylene glycol (PEG) as a simple model polymer on a Si substrate and HFBI as a representative surficial membrane protein on a carbon substrate to perform the ROS cleanup.
Experimental

Materials and apparatus
2-[Methoxy(polyethyleneoxy)propyl]trichlorosilane, tech-90 was purchased from Gelest, Inc. (Morrisville, PA, USA). The Si substrate (100 mm diameter, 0.5 mm thickness) was supplied on trial basis from Sumitomo Material Industries, Ltd. Highly oriented pyrolytic graphite (HOPG; 20 mm © 20 mm © 2 mm, grade SPI-2) was purchased from Structure Probe, Inc. (West Chester, PA, USA). An RVR, which was developed through an academic-industrial alliance with Ebara Jitsugyo Co., Ltd. (Ginza, Tokyo, Japan), was used for polymer and protein removal. The AFM system was Agilent 5100 AFM from Agilent Technologies (Santa Clara, CA, USA). A PPP-NCHAu probe (42 N/m, Nano World, Headquarters, Switzerland) was used for AFM imaging. A CAM 200 (KSV Instruments Ltd., Helsinki, Finland) instrument was used for water contact angle measurements. X-ray photoelectron spectroscopy (XPS) characterization was carried out using a KRATOS Nova system from Shimadzu Co. (Kyoto, Japan). A Frontier Fourier transform infrared (FT-IR) spectrometer (PerkinElmer Co., Ltd., Waltham, MA, USA) was used for surface analysis. Matrix-assisted laser desorption/ionization time of flight-mass spectrometry (MALDI TOF-MS; Bruker, microflex LRF, Billerica, MA, USA) was performed to analyze the polymer resolution.
Preparation of Si substrate modified with PEG and HOPG
substrate modified with a self-organized HFBI membrane The Si substrate was cut to a size of 1 cm 2 and sonicated at 28 kHz for 1 min in deionized water. After washing, the substrate was dried using N 2 gas and treated for hydrophilicity in the RVR. This RVR process is described as follows. A PEG solution (10%) was prepared in a brown vial by mixing 400 µL of 2-[methoxy(polyethyleneoxy) propyl]trichlorosilane, tech-90 and 3.6 mL of toluene. The Si substrate was placed on a heater with an aluminum foil spread. The prepared PEG solution was placed on a Si substrate and heated at 85°C for 150 min. After heating, it was sonicated at 28 kHz for 5 min in toluene and for 5 min in ethanol twice. After drying with N 2 , the Si substrate modified with PEG was obtained. An HFBI solution was prepared at a concentration of 15 µM in an acetate buffer (pH 5.0). The HFBI purification process is as follows. This solution was placed on the cleaved HOPG substrate for 10 min. It was sonicated at 28 kHz for 5 min in deionized water. After drying with N 2 , the HOPG covered with the self-organized HFBI membrane was obtained.
Surface treatment by RVR
In the RVR process, ozone was produced by electrical discharge and injected into the RVR chamber. The ozone-filled RVR chamber was irradiated by UV light and maintained at ambient temperature and atmospheric pressure. ROS generation by the RVR was shown in a previous report. 21, 23 The treatment conditions were ozone injection at 4 L/min, followed by UV irradiation at 185 nm and 254 nm. All reactions in the RVR chamber were performed at 40°C. An illustration of the RVR is shown in Fig. 1 
The details of the reaction pathway for producing ROS are described in previous reports.
21,23,28-31
Surface analysis
Surface structural analysis of the substrate was performed by using an AFM, with a PPP-NCHAu probe (42 N/m, Nano World) for imaging. Imaging was carried out in tapping mode and under atmospheric conditions. Domical droplets of deionized water (10 µL) on the substrate were observed using a CAM 200 instrument. The water contact angle is the angle between the tangent of the contour curve of the droplet and the solid substrate. The droplet was incubated at room temperature under atmospheric conditions. The contact angles of the water droplet were measured shortly after the samples were placed on the sample stage. The substrate surface was analyzed by XPS using a monochromatic Al KA X-ray source. The binding energy was calibrated by considering the Si 2p peak of substrate at 99.2 eV as a reference. The functional groups on the substrate were quantitated by attenuated total-reflection FT-IR spectroscopy. The measurements were performed over a wavelength range from 4000 to 500 cm
¹1
, and the cumulative number was found to be 15. MALDI TOF-MS was used to measure the molecular weight of the decomposed PEG.
Preparation of HFBI protein
HFBI is a small and amphiphilic protein produced by filamentous fungi. Its ability to self-organize at an air/water or water/solid interface is based on its ability to form a protective coating on the cell wall of the fungal surface when growing in air. 32, 33 HFBI was prepared in a two-phase system using a series of non-ionic surfactants with different characteristics. Most of the HFBI was associated with the fungal mycelium; therefore, preparative purification of HFBI was performed using mycelium pellets as the Figure 1 . Mechanistic illustration of the radical vapor reactor (RVR) process. O 2 gas is injected into the RVR chamber through the discharger and converted into O 3 by discharge. Some of the introduced O 3 is converted into ROS, such as singlet oxygen and hydroxyl radicals, by UV irradiation. These ROS interacted with the sample on the sample stage. After the reaction, gas is exhausted to the outside through the catalyst (which becomes O 2 ).
Electrochemistry, 86(6), 355-362 (2018) starting material. 34 HFBI proteins self-organized at the air/water or water/solid interface to produce an amphiphilic membrane.
Results & Discussion
Oxidative dissolution of organic polymer by ROS in RVR
The Si substrate, polymer-modified Si substrate, and polymermodified Si substrate after RVR treatment were examined using an AFM (Fig. 2 ). The Si substrate had a very flat surface (Fig. 2a) . Figure 2b shows the Si substrate modified with PEG by silane coupling. The Si substrate modified with PEG was treated in the RVR. Upon washing the RVR-treated Si substrate alternately with water and ethanol, the unevenness on the surface was extensively reduced (Fig. 2c) . Therefore, it was suggested that the PEG on the Si substrate decomposed by the RVR treatment.
Hydrophilicity induction of the Si substrate modified with
PEG through ROS exposure in RVR The Si substrate modified with PEG was expected to have a high water contact angle because of the terminal methoxy group of PEG. The changes in the water contact angle were investigated with respect to the RVR treatment. The results showed that the water contact angle decreased as the RVR treatment time increased (Fig. 3) . In other words, the Si substrate surface became hydrophilic upon RVR treatment. The reason for this was that the outermost surface of the Si substrate was covered with methoxy groups; after RVR treatment, PEG decomposed and the outermost surface did not contain any methoxy group. It means that hydrophilic groups such as carboxyl and the Si substrate were exposed on the substrate surface to decompose the PEG. It is believed that by extending the RVR treatment, the PEG gradually decomposed and the substrate surface became hydrophilic.
ROS dissociated surface analysis by XPS, FT-IR, and
MALDI TOF-MS Surface analysis was performed using XPS. The wide-range Xray photoelectron spectra of the Si substrate, Si substrate modified with PEG (PEG/Si), and RVR-treated Si substrate modified with PEG (PEG/Si after RVR treatment), are shown in Fig. 4a . There were four major peaks (O 1s, C 1s, Si 2s, and Si 2p). The O 1s and C 1s bands in the spectrum of the Si substrate indicated slight fouling and the formation of surface oxide (SiO 2 ). Notably, the intensity of the C 1s peak increased upon PEG modification and decreased after RVR treatment. Moreover, focusing on the C 1s peak (Fig. 4b) , the C-O peak intensity increased upon PEG modification. Figure 2 shows that there are many PEG units on the Si substrate. Therefore, the intensity of the C 1s peak increased after PEG modification. The intensities of the C-O peak and C-C peak decreased after the surface RVR treatment. It is believed that the PEG reduction was due to the RVR treatment. From these results, the PEG modification and removal were confirmed. Next, the PEG decomposition by RVR treatment was investigated. The data in Fig. 3 show that the water contact angle decreased after the RVR treatment. Therefore, it is considered that hydrophilic groups such as carboxyl are exposed by PEG decomposition. FT-IR spectra were measured for the PEG-modified Si substrate before (PEG/Si) and after (PEG/Si after RVR) the RVR treatment. Two major peaks were observed (around 2900 cm ¹1 and 1100 cm
¹1
) for the PEG/Si before the RVR treatment (Fig. 5) . The peaks at 3000-2840 cm ¹1 , 1260-1000 cm
, and 1150-1080 cm ¹1 corresponded to the C-H stretching of alkane, C-O stretching of ether, and C-O-C antisymmetric stretching of ether, respectively. The small peak at 1600-1400 cm ¹1 corresponded to the C-H bending of alkane, implies the presence of PEG on the substrate. After RVR treatment, one additional peak was observed (at ³1700 cm
). The peak at 1740-1720 cm ¹1 corresponded to the C=O stretching of aldehyde. Therefore, it was revealed that the aldehyde group were produced by PEG decomposition in the RVR. In addition, PEG was investigated using MALDI TOF-MS before and after the RVR treatment. A single major peak was detected in the case of the untreated PEG The water contact angle is the angle between the tangent of the contour curve of the droplet and the solid substrate. All values are the average of four measurements (n = 4). These plots were obtained using the approximate line to smooth curve because these changes were simply increasing or decreasing to follow the reaction.
Electrochemistry, 86(6), 355-362 (2018) (Fig. 6a) . The molecular weight of PEG before the RVR treatment was inferred as 379.724 g/mol based on the peak at m/z 379.724. Figure 6b shows the mass spectrum of PEG after the RVR treatment. The major peak (379.729 m/z) decreased in intensity, while the other peaks increased in intensity. The three main peaks at m/z values lower than those of the main peaks (m/z 335.745, 294.762, and 212.896) coincide with those at the positions indicated by the corresponding numbers in Fig. 6c . The PEG decomposition by ROS was confirmed from these results (Scheme 1).
First, the hydroxyl radical attacks the H atom of PEG and desorbs as H 2 O. The resulting double bond reacts with ozone to form ozonide, which is rapidly converted to carboxylic acid and aldehyde. Figure 5 shows no peak in the 3300-2500 cm ¹1 region, which can be attributed to the carboxylic group -OH stretching. This proves that only aldehyde group is present on the substrate surface after RVR treatment. These observations suggest that PEG is successfully decomposed and removed from the Si substrate by these reactions.
Area control of ROS dissociation using a mask
The RVR treatment area on the substrate was controlled using a mask that contained small holes at regular intervals. The holes in the stainless-steel mask substrate were 20.8 µm in diameter. This mask substrate was custom-made. The PEG-modified substrate was covered with the mask substrate before the RVR treatment. After the RVR treatment, the substrate was examined using an AFM. There were notable differences between the masked and unmasked areas (Fig. 7) . No PEG remained on the unmasked area, while the masked area contained a significant amount of PEG. Therefore, the design of the mask substrate can easily control the treatment area. In another example, the masked patterning RVR treatment was also performed, as shown in Fig. 8 . Figure 8A shows a photograph of the Electrochemistry, 86(6), 355-362 (2018) stainless-steel mask designed herein for patterned RVR treatment. As shown in Fig. 8B , blue-colored water (to make it easily visible) was dropped onto the RVR-treated glass substrate surface covered with the stainless-steel mask during RVR treatment. The part covered with the stainless steel mask repels the blue-colored water and the water is observed on only the exposed part. This result indicates that the silanized layer of the exposed part was removed by RVR.
3.5 Oxidative removal of a protein through ROS exposure in RVR Next, the protein removal from the substrate by the RVR treatment was attempted. HFBI, which is an amphiphilic membrane protein, has particularly high adsorbability, and hence, its removal from a substrate is difficult. Here, HOPG, which is flat at the atomic level and has a hydrophobic surface, was used as the substrate. Several methods involving the use of ethanol, 5 M NaOH, and 2 N HCl were investigated to remove HFBI from the substrate, but none of these were successful (Fig. 9) . This result suggests that the selforganized HFBI membrane has high tolerance to chemical reagents such as acids and bases. Therefore, the self-organized HFBI membrane was difficult to remove from the surface using chemicals. HOPG, HOPG covered with a self-organized HFBI membrane (HFBI/HOPG), HFBI/HOPG after RVR treatment (10 min), and HFBI/HOPG after RVR treatment (15 min) were observed using an AFM (Fig. 10a-d) . The AFM data were recorded under dry conditions. The cleaved HOPG had an extremely flat surface (Fig. 10a) . The self-organized HFBI membrane was prepared on HOPG. After being covered with the HFBI membrane, this substrate was washed under sonication (28 kHz, 5 min). Despite the sonication and drying for the AFM measurements, HFBI was not removed from the HOPG surface (Fig. 10b) . Therefore, it was suggested that HFBI has a strong molecular structure and high adsorbability. On the other extreme, the HFBI membrane from the HOPG substrate was successfully removed by the RVR treatment. This RVR treatment was performed for 10 min and 15 min. The 10-min RVR treatment did not remove the protein (Fig. 10c) , but the protein was Figure 7 . AFM image of the controlled area using a mask substrate. The image and illustration on the left show the stainless-steel mask. The left side of the AFM image is the masked area using the mask substrate. PEG remained on the masked area, but the unmasked area was decomposed by RVR. The RVR treatment area could be controlled by covering the Si substrate modified with PEG using the stainless-steel mask. The AFM measurement was performed under atmospheric conditions. The scan scale is 0.6 µm 2 . Scheme 1. PEG decomposition by ROS in the RVR. First, the ROS attack the H atoms of the PEG. Next, O 3 reacts with the double bond to form ozonide, which rapidly decomposes to carboxylic acid and aldehyde. Since the single bond between A-hydrogen and carbon is cleaved by reaction with ROS, almost all organic fouling molecules can be similarly removed. Electrochemistry, 86(6), 355-362 (2018) almost completely removed after the 15 min treatment (Fig. 10d) . HFBI was decomposed by the ROS and was then unable to adsorb on the substrate. We did not identify how the ROS reacted with HFBI (ROS either decomposed HFBI or reacted with the adhesion area between the hydrophobic patch of HFBI and the HOPG substrate) and will address this in a future study. The present results indicate that HFBI is removed by the ROS in the RVR. It is clear that a strongly adsorbed protein such as HFBI can be removed by the RVR treatment in a very short time.
Next, the water contact angles are measured on the substrates (Fig. 11) . The surface of the HFBI/HOPG substrate is hydrophilic (water contact angle of ³37°). The water contact angle increases after the RVR treatment. The HOPG surface with adsorbed HFBI is Figure 11 . Change in the water contact angle with respect to RVR treatment time on an HOPG surface covered with a self-organized HFBI membrane. The upper graph shows the water contact angle with respect to the treatment time. The lower images show droplets on the HFBI/HOPG surface after 0 min of RVR treatment and 15 min of RVR treatment. The water droplet volume is 10 µL. The water contact angle was measured promptly after the droplet was placed on the surface. These plots were obtained using the approximate line to smooth curve because these changes were simply increasing or decreasing to follow the reaction.
Electrochemistry, 86(6), 355-362 (2018) hydrophilic, and the HOPG surface is hydrophobic. Therefore, the water contact angle increases because of the removal of HFBI by the RVR treatment, exposing the HOPG surface. After the 15 min RVR treatment, the water contact angle is about 73°. This corresponds to the water contact angle of a clean HOPG surface, as reported in previous studies. 23, [35] [36] [37] Therefore, it is shown that the RVR completely removes HFBI from the HOPG surface. The ROS generated by the RVR are effective at the interface between oxygen plasma phase and water phase (O 2 /water interface). [21] [22] [23] In our previous study, we showed that the top of a droplet was flattened by HFBI self-organization at the air/water interface. [38] [39] [40] [41] After 30 s of RVR treatment, the flat-top HFBI droplet converted to a typical curved droplet (Fig. 12) . We suggest that the self-organized HFBI membrane was degenerated by ROS at (O 2 /water interface). These results show that the RVR treatment can easily decompose and remove polymers and proteins from a given surface in a short time.
Conclusion
In the industry that produces various parts, the battle against pollution is a very serious problem. In this regard, the following are required: high-quality cleaning, no hazardous waste, short-time cleaning, and low cost. To realize these, we developed an RVR that can produce ROS such as singlet oxygen and hydroxyl radicals. These ROS are highly effective for the removal of various pollutants such as polymer and protein stains. In this study, a polymer stain and protein stain were removed by treatment using the RVR. A Si substrate was modified with PEG and a HOPG substrate was modified with HFBI protein, and these were treated in the RVR. The results of water contact angle measurements, AFM surface observation, and peak signal monitoring by XPS, FT-IR, and MALDI TOF-MS before and after the RVR treatment confirmed the decomposition and removal of PEG. These results also elucidated the mechanisms of removal of organic fouling by reaction with ROS. Hydroxyl radical reacts with H atom of fouling molecules to produce double bonds, which are cleaved by ozonolysis. Thus, the RVR can remove strongly adsorbed polymer and protein stains from the substrate surfaces because all organic fouling molecule have C-H single bonds. The method is clean and free of hazardous wastes (only water and oxygen are generated) and has the advantage of convenient operation at ambient temperature and pressure without any chemical reagents. In addition, since the ROS are filled to a high concentration in the RVR chamber, a wide sample area can be treated uniformly. Therefore, the RVR method is effective for application to large parts where uniform treatment is desired. Examples of target substrates include car parts, as well as very small and complex parts such as semiconductor devices and precision medical instruments. Thus, the RVR is expected to become a promising cleaning apparatus in the industry.
